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The global energy consumption has increased significantly in past decades as a result of 40 growing population and rapidly developing economy. Buildings contribute to a significant part 41 of the global energy consumption. In particular, heating, ventilation and air-conditioning 42 (HVAC) systems are responsible for around 50% of the energy consumed in buildings [1] . In 43 hot and humid regions, occupants would feel uncomfortable and mildew would grow on 44 building interior walls without proper air dehumidification [2] . Thus the energy efficient air 45 conditioning system is of vital importance with considerations of improving occupant thermal 46 comfort and productivity. It has been shown that the building energy consumption could be 47 decreased by 20-64% with efficient dehumidification technologies [3] . 48
The traditional cooling coil system has several advantages for its ability to remove sensible heat 49 load within a conditioned space effectively, good stability in performance, long life and a 50 reasonable electrical coefficient of performance (COP) of between 2 and 4. However it is 51 inefficient in dealing with latent heat load [4, 5] . In the conventional cooling coil system, air 52 dehumidification is achieved simply by cooling the air below its dew point for condensation in 53 order to reduce its moisture content. This results in wet cooling coil surfaces that may cause 54 growths of mould and bacteria, and consequently leads to undesirable healthy issues and poor 55 indoor air quality [4, 6] . Furthermore, the air leaving the cooling coil is normally overcooled 56 humidifying, cooling and humidifying and cooling and dehumidifying), and discovered that the 94 system effectiveness always increases with number of heat transfer units ( ) under all test 95 conditions. Abdel-Salam et al. [16] numerically investigated the performance of a counter-flow 96 membrane liquid desiccant air-conditioning system. They focused on the effects of different 97 operating parameters on the system overall energy performance and revealed that the system 98 COP at the design condition is 0.68, while the sensible heat ratio (the ratio of the sensible to 99 total energy removed from the supply air) is in the range of 0.3 to 0.5 under different climatic, 100 operating and design conditions. Vali et al.
[17] developed a numerical model to evaluate the 101 performance of a counter-cross LAMEE by considering effect of the system design parameters, 102 such as aspect ratio and entrance ratio. They found that the effectiveness is in the range between 103 the effectiveness of pure counter-flow and pure cross-flow LAMEEs with the same membrane 104 area, and the counter-cross-flow LAMEE would have the same performance as a counter-flow 105 LAMEE when the membrane area of practical design is increased by 10%. Huang The structure of the membrane-based parallel-plate dehumidifier is depicted in Fig. 1(a) , and 141 its air and solution flows are in a cross-flow arrangement. The air and solution channels are 142 seperated by semi-permeable membranes, thus heat and vapour can be transferred through 143 membranes while the desiccant solution is prevented from going through them. The coordinate 144 system used in numerical modelling is given in Fig. 1 Heat and mass balance equations in the solution side are given as: 170
171
172
Where in equations, ̇ is solution mass flow rate ( ⁄ ); ̇ is desiccant mass flow rate 173 ( ⁄ ); L is the length of dehumidifier ( ) as illustrated in Fig. 1(a) 
Where is height of the dehumidifier ( ), as shown in Fig. 1(a) ; , is air specific heat 194
Normalization of governing equations 197
Governing equations (1)(2)(7)(8) Where 0 is equal to ( , − , ). 213 * is mass flow rate ratio, which is defined by: 214 * =̇̇ (17) 215 * is thermal capacity ratio, which is defined by:
ℎ * is operating factor, which is a dimensionless number defined by: 218
and are numbers of heat and mass transfer respectively, which are defined by: 220 To solve the governing equations, heat and mass transfer boundary equations on membrane 234 surfaces need to be established. Heat transfer boundary conditions are based on thermal energy 235 balance through the membrane: 236 
Mass transfer boundary conditions on membrane surfaces 243
Similarly, mass transfer boundary conditions are based on mass balance through the membrane: 244 . is number of mass transfer unit in the solution side, which is defined by: 249
Where h ,sol is solution side mass transfer coefficient (
Air and solution property equations 253
In numerical modelling, the air specific humidity or humidity ratio ( ⁄ ) is derived 254 from its relative humidity by applying a correlation introduced in [35] . 255
The solution equilibrium specific humidity ( ) is used to calculate both the sensible and 256 latent effectiveness, the relationship between the specific humidity and vapour pressure is given 257 by [36] : 258
Where is atmospheric pressure (Pa) and is vapour pressure of desiccant solution (Pa). 260
The equilibrium vapour pressure of desiccant solution is a function of and ( = 261 ( , )), the correlation is given by [37] : 262 
Performance evaluation 271
Effectiveness is the most important parameter used to evaluate the performance of a heat and 272 mass exchanger [38] . Three types of effectiveness have been defined in this study: sensible 273 effectiveness ( ), latent effectiveness ( ) and total effectiveness ( ). is the ratio 274 between the actual and maximum possible rates of sensible heat transfer in a heat exchanger. 275 is the ratio between the actual and maximum possible moisture transfer rates in a mass 276 exchanger.
is the ratio between the actual and maximum possible energy (enthalpy) 277 transfer rates in a heat and mass exchanger. The capacity rate of desiccant solution is higher 278 than that of the air, which means * ≥ 1, then the sensible, latent and total effectiveness are 279 defined by Eqs. 
Discretization of governing equations 288
Governing equations in section 2.1 are solved by finite difference method, and discretized by a 289 forward difference scheme. Discretization equations are given below: 290
Where is number of girds in x direction, and is number of girds in y direction. 297
Since the air and desiccant solution are closely interacted with each other, the governing 298 equations are solved in Matlab iteratively until converged. In order to guarantee the accuracy 299 of numerical results, numerical tests have been conducted to determine the grid size. It has been 300 found that 30×60 grids are adequate in this study, the result difference is less than 1.0% 301 compared with 50×100 grids. The numerical uncertainty is 1.0%. 302 303
Numerical solving scheme 304
The numerical solution scheme used to solve interacted governing equations are given below: 305 1) Set the initial temperature and concentration fields for air and solution as boundary 306 conditions. 307
2) Assume the initial humidity ratio on the membrane surface as the solution inlet 308 equilibrium specific humidity. 
Experimental work
325
In order to assess the performance of a membrane-based parallel-plate liquid desiccant 326 dehumidification system, a test facility is designed and built in the laboratory, which is depicted 327 in Fig. 3 . 328 The test rig mainly consists of a dehumidifier, a regenerator, two solution tanks and three heat 332 exchange units. The outdoor air with high temperature and relative humidity is generated in the 333 environmental chamber, and it flows into the dehumidifier where both its moisture content and 334 temperature are reduced by cold desiccant solution, then it leaves the dehumidifier unit at a dry 335 and cool state. Its flow rate is controlled by adjusting an AC axial fan rotation speed (ebm-papst 336
Mulfingen GmbH & Co. KG). The dehumidifier has a dimension of 410mm (L) x 230mm (W) 337 x 210mm (H) with 11 air channels and 11 solution channels. The regenerator has the same 338 structure as the dehumidifier. Three gauze layers are paved on the top surface of the 339 dehumidifier unit to ensure even solution distribution. The dehumidifier specifications and 340 membrane physical properties are given in Table 1 . 341 value. This is easily explainable since * is proportional to * . Compared to * , * is a 466 more straightforward parameter for the system. As a result, it is desirable to maintain the 467 dehumidification system operating at a condition where * is close to * . It is also worth 468 mentioning that the gradient of change with * gets smoothly at low . This is more 469 obvious for the latent and total effectiveness. increasing solution concentration will decrease the solution surface vapour pressure, thus the 566 solution absorption ability will be enhanced and the latent effectiveness will be increased. The 567 increased dehumidification ability will negatively affect the sensible effectiveness since more 568 latent heat will be released to the solution side. The total effectiveness is mainly dominated by 569 the latent effectiveness since they have the same variation trends. It can be observed in Fig. 12  570 that the sensible effectiveness is neither sensitive to nor . For the latent effectiveness, 571 the effect of solution concentration is far more obvious than that on the sensible effectiveness. 572
For instance, at = 12℃, the sensible effectiveness decreases by 0.51% (i.e. from 0.9458 573 to 0.941) when changes from 21% to 39%, while the latent effectiveness increases by 5.28% 574 (i.e. from 0.8896 to 0.9366). The latent effectiveness improvement is more significant at a 575 higher solution temperature. For example, at = 22℃, the latent effectiveness increases by 576 9.40% (i.e. from 0.8449 to 0.9243) when varies from 21% to 39%. 577
To sum up, the sensible effectiveness is insensitive to both and , while the latent 578 effectiveness is comparatively more sensitive. Thus in practical applications, a low solution 579 temperature is not necessary since it is energy consuming and no significant performance 580 improvement could be achieved. In the meanwhile, at a relatively high solution temperature, 581 increasing will improve dehumidification ability more considerably. It implies that 582 increasing solution concentration is a better approach to improve the latent effectiveness 583 without decreasing the sensible effectiveness. 584 585 In fact, the inlet air state depends on the local weather condition, thus , and , are 632 input parameters for the system rather than controllable ones. In traditional cooling coil air-conditioning system, the inlet air is dehumidified by reducing its 640 temperature below its dew point temperature, afterwards the air relative humidity is normally 641 high, which means its temperature is too low for the supply air requirement, and subsequently 642 re-heating is required and more energy is consumed. As seen in Fig. 20 , both inlet air 643 temperature and humidity content are reduced after passing through the dehumidifier, and the 644 system outlet air has relatively low temperature and relative humidity. Furthermore, the outlet 645 air is at the very similar condition in spite of different inlet conditions with the same , and 646 this is more obvious at high . This means this system has broad adaptability in different 647 weather conditions, and can produce relative stable state supply air. 648
Effects of inlet air condition
To sum up, the influences of 
